ABSTRACT: Mesozooplankton grazing on Phaeocystis cf. globosa was investigated by laboratory and field studies. Tests on 18 different species by means of laboratory incubation experiments, carried out at the Biologische Anstalt Helgotand, revealed that Phaeocystis was ingested by 5 meroplanktonic and 6 holoplanktonic species; filtering and ingestion rates of the latter were determined. Among copepods, the highest feeding rates were found for Calanus helgolandicus and Temora longicornis. ton grazing by the dominant copepod -femora longicorms to be negligible during the Phaeocysti, spring bloom. T longicornis gut fluorescence was inversely related to Phaeocystis dominance. Th~ hypothesis has been put forward that 7". 1ongicornis preferentially feeds on microzooplankton and b) this may enhance rather than depress Phaeocystis blooms. Results from laboratory incubatioc experiments, including three trophic levels -Phaeocystis cf globosa (algael. Strombidinopsis sp Iciliatel and Temora longicornis (copepod) -support this hypothesis.
INTRODUCTION
The colony-forming prymnesiophyte Phaeocystis cf. 91obosa builds up high biomasses in the continental coastal areas of the North Sea during intense phytoplankton blooms tn spring and summer, where it can be the dominant species (Joiris et al., 1982; Veldhuis et al., 1986) . A long-term monitoring study in Dutch coastal water indicates an increase in abundance of these blooms as well as an increase m their duration (Cadfie, 19901 . Algae of the genus Phaeocystis are not regarded as toxic, but they contribute to some environmental problems, and therefore have attracted widespread interest ILancelot eta], 19871. Phaeocystis is, for example, an effective dimethylsulfoniopropionate (DMSP)-producer and due to this contributes to the acid-rain problem (Barnard et al.. 1984; Keller. 1988) .
The understanding of the causes and consequences of Phaeocystis blooms, as well as their effect on the pelagic system, is still incomplete. For a better understanding, it is necessary to have knowledge of the trophic relationships between Phaeocystis and other members of the food web. However. the literature on the use of Phaeocystis as food for higher trophic levels is contradictory. Some studies indicate that Phaeocystis single ceils and colonies can serve as food for zooplankton; whereas other studies indicate Phaeocystis to be unmfitable fond ~Waisse ~t al.. 1994 and references cited therein), Its suitability as food for copepods can also be dependent on the physiological state of the algae (Estep et al., 1990) .
In this paper, results of laboratory and field measurements on the trophic relationships between Phaeocystis and zooplankton are presented. This study was an integrated part of the European Communities (EC) project "Dynamics of Phaeocystis blooms in nutrient-enriched coastal zones of the North Sea" (1988) (1989) (1990) (1991) .
MATERIALS AND METHODS

Laboratory grazing experiments at Helgoland
Between 6th April 1988 and 12th October 1989, different zooplankton species caught in the German Bight off Helgoland were tested for grazing on Phaeocystis cf. globosacultures by means of incubation experiments carried out in the laboratory at the marine station of the Biologische Anstalt Helgoland on Helgoland. These experiments were described in detail by Hansen (1992) and a brief description is given here. The animals were caught with a net of 280 [tm mesh-size at the Helgoland Roads sampling station (54 ~ 11.3 'N, 07 ~ 50.0'E), sorted, and transferred to gently aerated beaker-glasses in which they were adapted to experimental conditions for 24 h. In the grazing experiments, which lasted 24 or 48 h. they were fed cultured Phaeocystis cf. globosa (which was cultured semi-continuously) containing both flagellated and non-flagellated single cells of 3 to 8 ~m equivalent spherical diameter (ESD, determined by microscopical sizemeasurementsl as well as colonies Idiameter: 10 to 500 ,urn). Filtration and ingestion rates were derived from differences in Phaeocystis cell densities and chl-a contents at the beginning and end of the experiments in the incubation vessels, using the equations given by Frost 11972). Measurements were performed by applying the Uterm6hl-sedimentation technique IUterm6hl 1958) and by fluorescence determinations after Holm- Hansen et al. (1965) . The Wilcoxon test for non-related samples ISokal & Rohlf. 1981 ) was used to test whether the grazing of certain species was statistically significant or not.
Field study in the Dutch tidal inlet Marsdiep
Between 30th March and t lth May 1990. the phytoplankton-grazing impact by Temora during a Phaeocystis bloom in the tidal inlet Marsdiep was estimated and related to the abundance and succession of phytoplankton development. The applied methods were described in detail by Hansen & van Boekel (1991) . Copepods were collected off Texel (53 ~ 00.2'N. 4 ~ 47.6'E) by gentle filtration of surface water through a 300 ~n-sieve. Copepods were sorted, their length measured and their gut pigment determined by fluorescence measurements. Copepod weights were calculated using length-weight relationships given by . Gut pigment values were converted to ingestion rates (Mackas & Bohrer 1976) , using temperature-dependent rates of gut clearance given by Dam & Peterson (1988) Combined grazing experiment including the ciliate Strombidinopsis
This grazing experiment was performed in a similar manner to the Helgoland laboratory experiments described above, but zooplankton organisms were obtained from cultures. The oligotrichous ciliate Strombidinopsis acuminatum was isolated from the Marsdiep out of Phaeocystis cf. globosa colonies and continuously cultured in a chemostat using the prymnesiophyte flagellate Isochrysis galbana as food organism. Temora iongicornis copepods (C6, females) were obtained from cultures of Dr. W. C. M. Klein Breteler and N. Schogt (Klein Breteler, 1980) . During the 24 h incubation experiment, the ciliates and the copepods (individually as well as in combination) were offered Phaeocystis single cells. Ingestion rates were calculated from changes in cell densities, and the biovolumes of Phaeocystis and Strombidinopsis were measured with a coulter-counter.
For converting the biovolume to carbon, a factor of 0.11 pg C ~m -3 was used (Strathmann, 1967; Smetacek, 1975) . :remora carbon content was taken as 40 % of its ash-free dry weight (Omori, 1969) , which was calculated from the length-measurements (see above).
RESULTS
In the Helgoland incubation experiments, most of the zooplankton species tested did graze on cultured Phaeocystis-colonial as well as single cells -i.e. 5 out of 10 meroplanktonic and 6 out of 8 holoplanktonic species (Table 1) . There were no obvious differences in grazing response between taxonomic classes, but there was a distinct difference between species within the classes. Copepods are regarded to be of special importance because of their high grazing activity and their abundance (Fransz et al., 1991) . Among copepods the highest ingestion rates of Phaeocystis cells (measured under comparable conditionsl were found for Temora longicornis and Calanus helgolandicus (Fig. 1) . The latter, however, is much bigger than the other four species.
Copepods fed on all size-classes of Phaeocystis offered (generally 4 to 500 [tm ESD), but they preferred the colonies. Female T. longicorms preferred larger colonies (ESD >100 amJ. In a 2-day incubation experiment, the vessel with predominantly male Temora had about the same size-distribution of Phaeocystis-colonies as the controls (with no copepods present); whereas in the experimental vessel with predominantly female Temora. only the smallest size fraction (ESD --100 am) was left over (Fig. 2) . This result was confirmed by a second experiment, and a similar result was obtained in experiments with female Calanus helgolandicus, which grazed away all colonies larger than 200 (tin ESD.
The grazingqmpact of the dominant copepod Temora longicornis on a Phaeocystis bloom was investigated during a field study in the Dutch tidal inlet Marsdiep in spnng 1990. The gut pigment content of males females and smaller copepods, did not resemble the seasonal course of the chlorophyll-a concentration in the water (Figs 3, 4) It was inversely correlated with the dominance of Phaeocystis (Figs 4, 5) . Calculated ingestion of phytoplankton was negligible during the Phaeocystis bloom and far too low to fulfil Temora's metabolic needs, which w~r~ ~timated from its biomass increase (Hansen & van Boekel, 1991}. It was concluded that Temora had switched to a heterotrophic food source and it has been snggest~d that this could have been a bloom of ciliate.~ present during the Phaeocystis-dominated period of the phytoplankton spring bloom (van Boekel et al., 1992) . The hypothesis is put forward that 7", longicornis preferentially feeds on microzooplankton and by this may enhance, rather than depress, Phaeocystis blooms.
CentroPseudo-Temora Calanus
Results from three laboratory incubation experiments, each including three trophic levels -Phaeocystis, a herbivorous protozoan, and the copepod Temora -support this hypothesis (Hansen et al., 1993) . The densities of Phaeocystis single cells in experimental vessels before and after 24-h incubation with Temora or/and the oligotrichous cihate Strombidinopsis sp. is shown in Figure 6 . There was almost no reduction in Phaeocystis cell concentration by Temora, but a strong reduction by Strombidinopsls as the only grazer, Derived rates of Phaeocystis-ingestion per unit body carbon of the grazer {specific daily ration) were about twice as high for the ciliate (34 %/day) compared to the copepod (18 %/day). When all three species were incubated together, Temora greatly preferred the ciliates. During the experiments, ciliate biomass (265 ,~g CA) was reduced by 60 % in the presence of copepods; whereas ciliate biomass increased to 318 ~g C in the controls {without copepods), resulting in a highly specific daily ration of copepods feeding on the ciliates of 276 % (body-C/day). As expected from the hypothesis, the reduction of the Phaeocystis biomass in the incubations with cihated a n d copepods was less than with ci~ates alone: that means a decrease in overall grazing-pressure on Phaeocystis by the copepods. April May (Hansen & van Boekel, 1991) 
DISCUSSION
The incubation experiments have shown that Phaeocystis can serve as a potential food source for many zooplankton organisms. An overestimation of copepod filtration and ingestion rates due to algae growth enhancement by nutrient excretion of the zooplankton organisms cannot be excluded but is regarded unlikely, because of the high concentrations of nutrients contained in f/2 and f/8 enriched seawater (Guillard & Ryther. 1962) used in the experiments. The ingestion rates measured are comparable to rates found for other phytoplankton food (e.g. Nicolajsen et al., 1983; Baars & Fransz. 1984; Tande & B~mstedt. 19851 , but are too low to allow high growth rates of the copepods.
Based on the spring biomass increase of T. longicornis, Hansen & van Boekel (1991) calculated a required ingestion of 70 to 140 % body weight daily, which is well in agreement with results from laboratory growth experiments (Klein Breteler et al., 1990) . In contrast to the results of the experiments in which only algal food was present,
Phaeocystis was avoided by Temora in the more complex field situation where alternative food sources were available. Suppressed feeding rates on phytoplankton during
Phaeocystis-blooms were also reported by Daro (1986) as well as in a recent study by Bautista et al. (1992) . We have suggested that Temora fed on co-occurring ciliates instead (Hansen & van Boekel, 1991) . There is much evidence that microzooplankton is a suitable food for copepods (Klein Breteler, 1980 : Stoecker & McDowell Capuzzo. 1990 and references cited therein), m contrast to the low nutritional value reported for Phaeocystis (Claustre et al., 1990) . Moreover, Temora is an omnivorous copepod, even able to ingest its own larvae fDaan et al. 1988 ). Thus, a positive selectivity for microzooplankton by Temora, as descnbea ~or other small omnivorous copepods (Wiadnyana & Rassoulzadegan, 1989) , seems likely to occur. This is supported by the results from our combined experiment with Temora, the ciliate Strombidinopsis and Phaeocystis single cells.
Ciliates are thought to be the major predator on Phaeocystis single cells (Weisse & Scheffel-M6ser, 1990 ). In the case of Strombidinopsis, feeding on colonial cells was observed by fluorescence microscopy. Admiraal & Venekamp (1986) observed grazing on colonial cells by tintinnids, which were extremely abundant during the Phaeocystis bloom. Assuming that the major grazing pressure on Phaeocystis is caused by microzooplankton organisms, which itself is the preferred food for the dominant mesozooplankton organisms, i.e. omnivorous copepods, these copepods would enhance the blooming of
Phaeocystis. This scenario, as demonstrated in the experiment, is also likely to occur in the field under similar circumstances. Such a situation might be the late stage of a Phaeocystis spring bloom. At this time a considerable part of total Phaeocystis cells are comprised of flagellates, the colonies decay and are colonized by bacteria and microheterotrophs, and the copepods have also reached higher densities.
Our Marsdiep data suggest that most of the Phaeocystis-carbon is probably channelled to higher trophic levels via members of the microbial food chain (van Boekel et al., 1992) . In future grazing studies, the coupling between mesozooplankton and the microbial loop should be taken into consideration.
